A striking feature of the development of rubella virus in RK 13 cells was the presence of virus-like particlcs at the surface of the infcctcd cells. Thcse particles were not scen inside the cell cytoplasm or nucleus, nor were they identified in uninfected cultures. They wcrc pleomorphic, with some evidence of substructure. Their appearance coincided with thc dcvclopmcnt of ncw infective virus; they may, therefore, bc mature virus particles.
INTRODUCTION
Most studies of rubella virus by electron microscopy have been restricted to examination of cell-free extracts and partially purified preparations of the rubella virus (Norrby et al. I963; Magnusson & Norrby, 1965 ; Phillips et al. I965; Best et al. 1967) . Norrby et al. 0963) showed the virus particles as having a brick-shaped core and a wide envelope with a smooth surface. Magnusson & Norrby 0965) showed that rubella particles were irregular in shape and size. Many particles appeared ring-shaped and some appeared to have tail-like protrusions. Phillips et al. (I965) , in their epidemiological survey of rubella virus, stated that it' resembles parainfluenza virus with marked pleomorphism'. Best et al. 0967) , in their morphological study of negatively stained preparations of virus + antibody, identified the virus as spherical particles of 50o to 750 ~ in diameter.
Kim & Boatman 0967) studied by electron microscopy tissue cultures infected with rubella virus. In ultrathin sections of LLC-MK2 cells infected with rubella virus they observed 'annulate lameUae', but no virus particles were identified and there were no other characteristic changes in infected cells.
In other accounts of infected cells (Holmes & Warburton, 1967 ; Holmes et al. I968 ) characteristic particles were described at the surface of the infected cells and in vacuoles within the cytoplasm. The particles consisted of a central dense core separated from an outer layer by a relatively translucent zone. No developmental forms were identified. Crystalline inclusions were seen in about 2 ~o of RK 13 cells harvested 6 to 8 days after inoculation. Similar crystals were not observed in infected BHK 2i cells. Holmes and his colleagues made the interesting suggestion that these crystals, also seen by Kim & Boatman (I967), consisted of virus particles much smaller than those seen at the surface. Whatever the true nature of the particles making up these crystals, the studies of virus adsorbed to pigeon erythrocytes, by Holmes et al. (I968) , indicated that, even if two types of virus were present in infected RK I3 and LLC-MK2 cells, the larger (6oo 30 was rubella virus.
METHODS

Routine propagation of rubella virus and neutralization tests
Virus. Strain I7I was isolated in RK I3 cells in the Department of Bacteriology and Virology of the University of Manchester from a patient with German measles; the WESTPOINT strain was obtained from Dr J. A. Dudgeon, Hospital for Sick Children, Great Ormond Street, London, W.C.i.
Tissue culture. RK I3 cells (Beale, Christofinis & Furminger, I963) were obtained from Dr A. J. Beale of Glaxo Laboratories Ltd, U.K., and maintained in this laboratory. For passage, cells were removed from the glass by a mixture of EDTA + trypsin. The growth medium used consisted of medium 'I99'+ Io % inactivated calf serum, penicillin Ioo units/ml, and streptomycin IOO/Zg./ml. The growing cultures were incubated stationary at 36o and usually became confluent in about 4 days. The cell inoculum was adjusted to 200,000 cells/ml.
Propagation of viruses. Confluent monolayers of RK I3 cells were prepared in growth medium. They were washed three times with phosphate buffered saline and then fed with a stage I medium, consisting of Eagle's minimal essential medium (MEM) + 1% rabbit serum (uninactivated), 0"044 % sodium bicarbonate, penicillin IOO units/ml, and streptomycin IOO #g./ml. (Hutchinson & Thompson, I965 ). Tubes and 8 oz feeding bottles were inoculated with o.I and I.O ml. respectively of virus suspension and thereafter roiled at 33.5 ° overnight. The stage I medium was then changed to stage II medium and consisted of Eagle's MEM + 5 % uninactivated rabbit serum, o.o88 % sodium bicarbonate and antibiotics. Rolling at 33.5 ° was continued and the cultures were examined daily. For virus titration, the final readings were made I2 days after inoculation.
Neutralization test. Stock suspension of virus I7I (approx. IO 5 TCD5o/ml. ) was diluted I/5O in Hanks's solution. This was tested against several human sera with known titres of rubella neutralizing antibody. Virus + serum mixtures were kept overnight at 4 ° and then inoculated in o. I ml. amounts into RK 13 tube cultures in stage I medium. Suitable controls were also set up. The cultures were changed to stage II medium after 24 hr.
Growth experiments and preparation of thin sections of tissue culture cells for electron microscopic examination
Growth experiments. RK I3 tube cultures with Araldite flying coverslips (Chatterji et al. I969) were inoculated with io 4 TCD5o of strain I7I virus in o.I ml. Two tubes were harvested every I2 hr for 4 days. The cultures were in stage I medium when inoculated. This was changed to stage II 24 hr after inoculation. Fluid from the first tube of each pair was titrated using tenfold dilutions and an inoculum ofo.I ml. per tube of RK t 3 cells; the coverslip from this tube was processed for electron microscopy. The second tube with coverslip was frozen and thawed three times and the fluid with the cell debris titrated on RK I3 ceils. Control tubes with Araldite coverslips received no virus but were harvested in exactly the same way as the test series.
In another experiment, using wrsrpoiN'r virus, Araldite coverslips were harvested for electron microscopy at o, 12, 36, 48, 60, 72 and 84 hr but the virus was not titrated.
Preparation of specimens for electron microscopy. The coverslips were washed three times with Hanks's solution, and then put for 30 min. into a fixative comprising 2-0 ml. of 25 % glutaraldehyde solution mixed with 6"25 ml. of 0.2 M-sodium cacodylate and distilled water to make 25 ml. (final pH 7"3). They were washed three times in a solution of o'I8M-glucose in a o'o8M-sodium cacodylate buffer (pH 7"3) and then kept in this solution at 4 ° overnight or longer. After post-fixation in I ~/o buffered osmic acid at 4 ° for 20 min., the coverslips were passed rapidly through graded alcohols to propylene oxide and thence to a mixture of propylene oxide + Araldite (I : I). They were held in this mixture at 480 for 11 hr before being embedded in Araldite in gelatin capsules. The blocks were trimmed and sections cut on a Huxley microtome (Cambridge Instrument Co.) with a glass or diamond knife. Sections were stained with 2 % uranyl acetate alone or uranyl acetate followed by Reynolds's lead citrate (Reynolds, 1963) and examined on a Phillips EM75 electron microscope or on an A.E.I. EM6B electron microscope.
Preparation of negatively stained tissue culture lysates
This was done by the method of Almeida & Howatson (1963) . Monolayers were washed three times in Hanks's solution and then treated for IO min. with a mixture of EDTA (I/5OOO)+trypsin (I/5OOO) at room temperature. The pellets of cells obtained after centrifugation for 5 rain. were suspended in 0"3 ml. of culture medium diluted I/6 in distilled water. The cell suspensions were then poured into cavities made out of plastic film and frozen at -20 °. After removing the plastic film the frozen pellets of ceils were cut into sections 4 #m. thick on a cryostat. Sections were thawed to room temperature and the cell fragments treated with 3 ~/o (w/v) potassium phosphotungstate (pH 6.8). A drop of the mixture was immediately placed on a carbon-coated formvar grid. After removing excess fluid and drying, the specimen was observed directly under the Phillips EM 75 electron microscope.
RESULTS
Uninfected cells
The uninfected cells, also described in a separate paper (Chatterji et al. I969) , contained a large granular nucleus with a prominent nucleolus. The nuclear membrane was a three-layered structure with pores. The cytoplasm contained a moderate number of mitochondria, oval or circular in cross section, and numerous scattered ribosomes but very few polysomes. Endoplasmic reticulum was not in general a prominent feature. Other cytoplasmic elements seen in some cells were Golgi apparatus, lipid bodies, granules and structures presumed to be lysosomes. A prominent feature of the cell surface was the presence of filiform cytoplasmic processes (microvilli). These were particularly prominent in the intercellular spaces, where it seemed that microvilli from adjoining cells interdigitated (P1. I). The processes were also well developed on the upper surfaces of the cells but less so on the under surfaces in contact with the coverslip.
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Infected cells
There were no differences in the appearances seen with strain 171 and WESTPOINT; both sets of cultures are, therefore, considered together.
Cytoplasmic membranes. The most striking differences between the uninfected and infected cells was the appearance on the surface of the latter of a large number of round, oval or sometimes elongated densely staining particles (PI. 2a). Occasionally these particles were seen within a vacuole lying just inside the cell margin. Apart from this no particles of this type were observed inside infected cells. These pleomorphic particles often appeared to be associated with a type of cytoplasmic process thicker and more electron dense than those on the surface of normal cells. The appearances sometimes suggested that the particles were being formed by budding from these processes or by segmentation and subdivision of the process or of branches from it (P1. 2a, b, c). Pairs or short chains of particles sometimes appeared to be strung together like beads on a necklace (P1. 2 a, b). Although the particles all appeared to be extracellular they tended to be embedded in or associated with diffuse amorphous material of low electron density (PI. 2 d, e). At high magnification the particles showed a nearly regular substructure pattern in the electron density (P1. 3 a, b) with a centre to centre spacing of roughly 15o ~. Only a very few of the particles showed the dense inner core described by Holmes et aL (1968) and Holmes & Warburton (1967) . One such particle can be seen in Pl. 3 a.
The characteristic particles were first seen as early as IX hr after infection, although they were then very scanty. They increased rapidly in number up to about 48 to 6o hr and then remained more or less the same until further study became difficult owing to detachment of most of the cells from the coverslips. In the later stage of infection the association of the particles with the amorphous material of low electron density was less evident.
Nuclei. The nuclei looked normal at 12 hr after infection. Between 24 and 48 hr after infection, a majority of the nuclei observed were less dense, were elongated and apparently lacked a nucleolus.
Cytoplasm. The most striking feature of the abnormal cytoplasm in the cells not manifestly necrotic was a general decrease in electron density. This appeared to be in part due to redistribution of ribosomes which in many sections would clearly be seen to be aggregated into polysomes (P1.4 a). In the infected cultures the endoplasmic reticulum tended to be more prominent than in normal cells. Some cells showed remarkable structures consisting of whorls of concentric laminae apparently derived from endoplasmic reticulum. These whorls are similar in their structure and location to those described by Prose et al. (1965) . They were mostly associated with an amorphous mass situated in a vacuole either at one side of the body or within it. They sometimes appeared to lie extracellularly, although we cannot be sure that this was not an artifact.
A few cells showed electron dense aggregates of closely packed small particles which may have represented the crystals described by Holmes et al. (1968) and Kim & Boatman (I967) .
Mitochondria. Changes in mitochondria became increasingly evident from 24 hr after infection. The mitochondria tended to be less uniformly distributed than in control cells; they might for example be aggregated in one part of a cell or arranged in parallel rows (P1. z e). The structure of the mitochondria was also affected, elongation, loss of cristae and rupture of the limiting membrane were all evident.
Negatively stained tissue culture cell lysates. Plate 4b shows a disintegrated specimen negatively contrasted with potassium phosphotungstate: this particular micrograph includes two particles with electron dense centres lying amongst cell debris.
Serial passage, titration, identification and growth curve. The 171 strain was serially passaged in RK 13 cells and the greatest titre determined by cytopathic effect in RK 13 cells was io ~ TCD5oiml. which was attained within 48 to 6o hr of infection. It was confirmed as rubella virus by neutralization tests with wEsrPoircr antisera. The results of the growth experiment are shown in Fig. I . 
DISCUSSION
In our view, the most significant features of the present series of observations are the following:
(I) The electron-dense pleomorphic particles at the cell surface. In no instance have these particles been observed inside the cell cytoplasm or nucleus, nor have they been observed in non-infected control cultures. The particles tend to be associated with cytoplasmic protrusions which can be distinguished from the microvilli of uninfected cells by their greater diameter, greater electron density and the possession of the same type of structural pattern as the particles themselves. The latter appear to have a surface pattern of electron-dense bodies with a more or less regular spacing of about 15o .~, (P1. 3 a, b) . Only a very few of the particles show the dense inner core described by Holmes and his collaborators (Holmes & Warburton, 1967; Holmes et al. I968) (see P1. 3a) .
(2) The particles with a ring-like morphology revealed by the negative staining technique. This type of particle is similar to that described by Magnusson & Norrby (1965) .
(3) The appearance of numerous polysomes (P1. 4 a) and of 'onion-like' bodies (concentric laminae) in the infected cells.
(4) Growth characteristics of our strains of rubella virus in RK I3 cells which are comparable to those observed by other authors, and shown by them to be comparable to the growth characteristics of measles and influenza viruses (Massaab & Cochran, I964; Parkman, I965) .
We could not positively identify the extracellular particles as mature infective virus, but there is strong circumstantial evidence that they are rubella virus particles. The absence of any such particles from uninfected cultures and their increase in numbers in infected cultures pari passu with the increase in infective virus (Fig. I ) point strongly to this conclusion. The particles we describe are more variable in size and shape than those shown by Best et al. 0967) to be agglutinated by immune sera. Nevertheless, the majority of the more or less spherical particles are of the same order of size as those described by these authors, while a proportion of our particles is larger than anything they describe.
The most striking feature of the particles as seen in the sections is the existence of the regular pattern already referred to. Perhaps surprisingly, this type of pattern was not observed in the negatively stained preparations in which such particles as were recognisable possessed the ring-like morphology already described by Norrby and his collaborators (Magnusson & Norrby, I965; Norrby et al. I963) . Other features were the electron density of the particles and their extreme pleomorphism. Many of the photomicrographs showed the particles to be closely associated with special cytoplasmic protrusions and the appearances often seem to suggest that the particles are formed either by budding from these special cytoplasmic protrusions or by constriction and segregation of elongated filaments. Whatever the mode of formation of the particles their absence from the cytoplasm and the nucleus of infected cells suggests that they are not formed within the cells but are completed at the cell surface. In this respect they resemble particles of the myxovirus which are only invested with their envelope when they reach the cytoplasmic membrane (Morgan & Rose, I959) .
Although there were indications in some of our micrographs of beaded strands about I8o ~. in diameter and not dissimilar to those described by Prose et al. (I965) and An6 (r967), the resolution of the electron microscope (EM 75) available for most of our study was insufficient for positive identification of a nucleocapsid.
The abundance of polysomes in infected cells affords evidence of active protein synthesis. The nature of the concentric laminae, or 'onion-like' bodies is not clear. Whatever their nature and function, it seems likely that they represent an abnormal development of the endoplasmic reticulum. Similar bodies have been described by Prose et al. 0965) in WI 38 human diploid cells infected with an unidentified virus isolated from a patient with hepatitis. The ' arrays of annulate lamellae' described by Kim & Boatman (I967) are also somewhat similar in appearance.
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